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CARBRON NANOTUBES BASED SOLAR CELLS

The invention relates to a photovoltaic device, uses of the photovoltaic device, combinations
of this photovoltaic device with circuits and to a method of generating electncfcy from light

using this photovoltaic device.

Single crystal solar cells show energy conversion efficiencies as high as ~ 25%. Where the Si-’
based crystals are no longer single crystals but poiycrys;talline, the highest efficiencies are in
the range of ~18%, and with amorphous Si the efficiencies are ~12%. Solar cells based on Si
are, however, rather expensive to manufacture, even in the amorphous Si version. Therefore
altermnatives have been developed based on organic compounds and/or a mixture of organic
and inorganic compounds, the latter type solar cells often being referred to as hybrid solar .
cells. Organic solar cells are based on organic compounds only, i. e. carbon-containing com-
pounds, and are also sometimes referred to as "plastic-solai cells". Organic and hybrid solar
cells are expected to be cheaper to manufacture, but seem to have yet comparably low effi-

ciencies even when compared to amorphous Si cells. Due to their inherent advantages such as _'
lightweight, low-cost fabrication of large areas, earth-friendly materials, or preparation on
. flexible substrates, efficient organic devices might prove to be technically and commercmlly
useful 'plastic solar cells'. Recent progress in solar cells based on dye-sensitised nanocrystal- .
line titanium dioxide (porous TiO,) semiconductor and a liquid electrolyte, which can be seen -
_ as a hybrid between inorganic and organic solar cells, demonstrates the possibility of high
‘ energy conversion efficiencies in alternative materials [B. O'Regan and M. Gratzel, Nature

353 (1991) 737].

Fully orgamc solar cells and their fundamental mechanism are under investigation in an in-
creasing number of laboratories. One main focus of these efforts lies on special types of com-
pound material, e. g., a blend of conjugated polymers and so-called Buckminsterfullerenes,
C60, as well as derivatives of those. The main principle is described in Sariciftci et al., Sci-
ence 258, 1474 (1992); Yu et al., Science 27'0_; 1789 (1995); Brabec et al., Adv. Func. Mat.,
11, 15 (2001) and is also shown in Fig. 1. Electrons are excited within the conjugated polymer
and injected into the conduction band of the fullerenes. This process ensures an effective
charge separation. However, power conversion efficiencies are limited to around 3% mainly

do to insufficient charge transport within the blend [Shaheen et al., Appl. Phys. Lett. 78
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Carbon nanotubes have been the subject of a huge number of publications within the last dec;
ade because of their unique mechanical and electronic properties [Dreéselhaus et al., Aca-
demic Press, San Diego, ISBN 0-12-221820-5 (1996); Wildder et al., Nature 391, 59 (1998);
Odom et al., Nature 391, 62 (1998)]. Carbon nanotubes can be seen as graphitic sheets with a
hexagonal lattice structure wrapped up into seamless cylinders. They display either metallic
or semiconducﬁng properties depénding on their configuration. In addition, they appear as
single-walled or multi-walled tubes and both types can form bundles. They have been suc--
cessfully used for building, e. g. , single tube field effect transistors [Tans et al., Nature 393,
49 (1998); Wind et al., APL 80, 3817 (2002)]. Recently, a method to separate metallic from
semiconducting tubes has been proposed [Collins et al., Science 292, 706 (2001); Avouris et
al., WO 02/054505; Avouris et al., US-patent 6,423,583 B1l; Avouris et al., US-patent appli;
cation 2002/0173083). Most recently, it could be-shown, that metallic and semiconducting
single-wall carbon nanotubes can be separated quantitafively [Cattopadhyay et al., JACS 125,
3370 (2003)]. No fully organic solar cell based on carbon nanotubes has been realised or pro-
posed so far. In Smalley et al.,, WO 98/39250; Smalley et al.,, US-patent application.
2002/0127162 Al; Smalley et al., US-patent application 2002/0127169 Al; Smalley et al.,
US-patent application 2002/0159943 Al, a solar cell based on the principle of the Gritzel
type hybrid solar cell [O'Regan and Griitzel, Nature 353, 737 (1991)] has been proposed but

not realised so far.

Organic solar cells that use polymers which can be processed from solution have been inves-

- . tigated as a low-cost alternative to inorganic solar cells, but the solar power efficiencies have

only reached up to 2.5% [Shaheen et al., Appl. Phys. Lett. 78 (2001)]. Nonetheless, conven-
tional inorganic solar cells routinely exhibit solar power conversion efficiencies of 10% and
the most advanced, but also the most expensive models, can reach up to 30% efficiency
[Green et al., Photovoltaics 9, 287 (2001)].

Accordingly it was an object of the present invention to provide for a photovoltaic device, that
is easy and cheap to manufacture and that is furthermore characterized by a high efficiency.
Furthermore it has been an object of the present invention to provide for a photovoltaic device

the energy conversion efficiéncy of which is comparable to-inorganic photovoltaic devices.
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It has furthermore been an object of the present invention to provide for a photovoltaic device
which combines the plasticity and flexibility of organic devices with the efficiency of inor-

ganic devices.

All these objects are solved by a photovoltaic device, comprising a composi}idn of carbon

nanotubes and of at least one organic compound acting as a hole conductor.
Preferably, the photovoltaic device according to the present invention further comprises

- a first electrode on one side of said composition of carbon nanotubes and of at least one

hole conductor, said first electrode having a first work function, and

- asecond electrode on another side of said composition of carbon nanotubes and of at least
one hole conductor, said second electrode having a higher work function than said first
work function.

In one embodiment, said at least one hole conductor is a conjugated polymer or a blend of at

least two conjugated polymers.

The term "conjugated polymer", as used herein, is meant to designate a polymer having an -
. extended system of alternating single and double-bonds and/or triple bonds, i. e. an extended

- m-system.

In one embodiment, said carbon nanotubes are a mixture of metallic and semiconducting car-
bon nanotubes, preferably only semiconducting carbon nanotubes. In one embodiment said
carbon nanotubes are a mixture of multi-walled and single-walled carbon nanotubes, prefera-

bly only single-walled carbon nanotubes."

In one embodiment, the carbon nanotubes have a diameter in the range of from 0,5 nm to 2

nm.

In one embodiment, they are arranged in bundles or they are single, or they are 5 mixture of

bundles and singles. Preferably, they are single carbon nanotubes. In one embodiment, the
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length of the carbon nanotubes varies between 2 nm and 1000 nm, preferably between 50 nm

and 1000 nm, most preferably between 100 nm and 500 nm.

Preferably, the band g;ap'of said carbon nanotubes lies in the range of from about 0.5 to about
1eVv. ' )

In one embodiment, the band gap of said at least one hole conductor lies in the range of from
about 1 eV to 3 eV, preferably from about 1.5 eV to 2.5 eV, more preferably from about 1.75
eVito225eV.

In one embodiment, said hole conductor is selected from the group comprising semiconduct-
ing organic materials with a band gap above 1 eV and a m-orbital higher in energy than the
highest occupied molecular orbital (HOMO) of said carbon nanotubes.

It is preferred that said composition comprises a mixture of carbon nanotubes and at least one

hole conductor.

In one embodiment, said composition is a two-layer-system, wherein said at least one hole .

conductor is in one layer and said carbon nanotubes are in another layer.

In one embodiment, said composition is a multiple-layer-system, wherein said at least one

- hole conductor and said carbon nanotubes are in altemaﬁng layers.

In one embodiment, said carbon nanotubes have been vertically grown, preferably on one of

said electrodes.

Such methods of growth of carbon nanotubes have %or example, been described by Li et al.,
1996, Science 274, 1701, the disclosure of which is hereby included in its entirety by refer-

€nce.

In one embodiment, said vértically grown carbon nanotubes are immersed in a hole conduc-

tor.

The term “immersed”, as used herein, is used synonymously with “surrounded by”.
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In one embodiment, a hole conductor is directly grown on said carbon nanotubes. Such a
method of growth has for example been described by Dai, 2001 Australian Journal of Chem—
istry, 54, 11.

In one embodirnent said carbon nanotubes on which a hole conductor is directly grown
(“overgrown nanofubes”), are immersed either in the same hole conductor which has been
directly grown on them, or they are immersed in a different hole conductor or a mixture
thereof.

In one embodiment, said overgrown nanotubes have been vemcally grown, preferably on one

of said electrodes.

In one embodiment, said carbon nanotubes have been horizontally aligned, preferably on one

of said electrodes.

Such alignment is for example, described in Huag et al., 2001, Science 291, 630, the disclo-

sure of which is hereby included in its entirety by reference

In one embodiment, said vertically grown carbon nanotubes or said horizontally aligned car-
bon nanotubes are furthermore combined with a mixture of carbon nanotubes and at least one

. hole conducter as described above.

The term “combined with”, as used in the previous sentence, is meant to signify that the verti-
cally grown or horizontally aligned carbon nanotubes occur together with the mixture of car-
bon nanotubes and of at least one hole conductor, within the device according to the present
invention. Preferably, the device comprises two eiectrodes wherein a mixture of carbon
nanotubes and at least one hole conductor is sandwiched between them. The aforementioned
xmxture of carbon nanotubes and at least one hole conductor may form a bulk phase between '
the electrodes. Additionally one or both electrodes may have carbon nanotubes horizontally

aligned or vertically grown o6n them.

In one embodiment, fullerenes are added to the mixture of at least one hole conductor and

carbon nanotubes, thereby forming a blend of fullerenes, at least one hole conductor and car-
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bon nanotubes. This blend can be applied either directly between the two electrodes earlier
described, or it can be applied in combinationv with vertically grown or horizontally aligned
carbon nanotubes on one of thé electrodes, said vertically grown carbon nanotubes and said
horizontally aligned carbon nanotubes being preferably vertically grown or horizontally
aligned with respect to one of the electrodes.

In one embodiment, fullerenes are a(_ided to at least one hole conductor, thereby forming a
blend of fullerenes and at least one hole conductor. This blend can be applied in combination _
with vertically grown or horizontally aligned carbon nanotubes on one of the electrodes, said
vertically grown carbon nanotubes and said horizontally aligned carbon nanotubes being pref--

erably vertically grown or horizontally aligned with respect to one of the electrodes.

In one embodiment, said composition of carbon nanotubes and of at least one organic com-
pouna acting as a hole conductor comprises a mixture of one carbon nanotube (i.e. one single
carbon nanotube), or of an array of single carbon nanotubes, or of one bundle of carbon
nanotubes, or of an array of bﬁndles of carbon Inanotubes, together with at least one hole con- '
ductor. '

In this case, i.e. where said composition comprises a mixture of one single carbon nanotube,
or of an array of single carbon nanotubes, or of one bundle of carbon nanotubes, or of an array
of bundles of carbon nanotubes, together with at least one hole conductor, the resuiting

photovoltaic device is also referred to as “nano photovoltaic device” or “nano solar cell”.

Preferably, said at least one hole conductor or said organic compound acting as a hole con-
ductor (the terms “hole conductor” and “organic compound acting as a hole conductor” are
used interchangeably herein and should be understood as synonyms) is selected from the
group comprising Polymethacrylates and derivatives, e.g. bis(diarylamino)biphenyl function-
“alised methacrylates and copolymers thereof, ’ V
polyaniline and derivatives,

polyphenylene and derivatives, ) )
polyphenylene vinylene and derivatives, e.'g..'l.)oly(Z-methoxy, 5-(3°, 7’-din1eth);loctyloxy)-
1,4-phenylene vinylene (MDMO-PPV),

polythiophene and derivatives,

copolymers of triphenyl diamine derivatives and trimethoxyvinylsilane,
poly(3,4-ethylenedioxythiophene: polystyrene sulfonic acid) (PEDOT:PSS),
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polyacetylene and derivatives thereof,
polyparaphenylene and derivatives thereof,
polypyrrole and derivatives thereof,
polyparaphenylene sulfide and derivatives thereof,
polycarbazole and derivatives thereof,
polyisothianéphene and derivatives thereof,
poly(1,6-heptadiyne) and derivatives thereof, and

polyquinoline and derivatives thereof.

Other examples of preferred compounds acting as hole conductors are disclosed in Eliropcan
patent applications EP 00 111 493.3, filed on May 29, 2000, and EP 01 121 179.4, filed on
September 4, 2001, the disclosure of which is hereby included in its entirety by reference. -
In one embodiment, the device according to the present invention is an organic solar cell.
Preferably, said first and/or said second electrode is a film or layer of a transparent material.

In one embodiment, said first and/or second electrode is a metallic or metallised electrode.

As used herein, the term “metallised” is used synonymously with “having a sputtered or

evaporated metal layer, which is semi-transparent”.
In a preferred embodiment, said first or second electrode is a metallic electrode.

In one embodiment, said first and/or said second electrode is coated with an evaporated layer

of fluoride or acetate, e.g. LiF, CsF, CH3;COOLI, or a combination of fluoride and acetate.

In one embodiment said evaporated layer of fluoride or acetate has a thickness of 0.1 nm to 15

nm, preferably 0.1 nm to 2 nm.

In one .embodiment, the device according to the present invention additionally comprises a
solid inorganic .crystalline or glassy substrate, or a metal foil substrate, preferably stainless

steel foil substrate, or a polymer substrate pre-coated with said first or said second electrode.
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In one embodiment, the device according to the present invention additionally comprises a

flexible polymer substrate pre-coated with said first or said second electrode.

In a preferred embodiment, the photovoltaic device according to the present invention com-
prises, in that order and preferably adjacent to each other, although intermedi?te layers may
be used as well, the following: a metal electrode having a first work function, an array of car-
bon nanotubes and hole conductors and a second conductive electrode with a secdnd work .
function which second work function is higher than the first work function, wherein said sec-
ond conductive electrode is preferably transparent.

As used herein, the term “array of carbon nanotubes and hole conductors” is meant to desig-
nate any arrangement of carbon nanotubes and hole conductors. These may, for example, be
simply mixed together and form a bulk phase between the electrodes; or they may be in sepa-
rate layers, with the carbon nanotubes being in one layer and the hole conductors being in
another layer; or they may be in alternating layers, within a multi-layer arrangement. Other
arrangements will readily occur to someone skilled in-the art. For example in a multi-layer-
arrangement, the carbon nanotubes may be present in several layers, but at different concen-

trations in each layer. The same may apply to the hole conductors.

The objects of the present invention are also solved by a combination of the device according
to the present invention with a circuit, wherein the device according to the present invention

acts as an internal power supply.

In one embodiment, the internal power supply has dimensions on the panometer scale, pref-
erably from 10 nm to 10000 nm, more preferably 100 nm to 1000 nm, more preferably 250

nm to 750 nm.

The objects of the present invention are also solved i)y the use of the device according to the

present invention as a solar cell.

The objects of the present invention are furthermore solved by a method of generating elec-
tricity from light, characterized in that a device according to the present invention is irradiated
by light, whereupon a photo-initiated charge-separation process and subsequently a charge-

transport process occurs, and wherein further electricity is recovered from said device.
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As used herein, the term “hole conductor” is meant to designate any compound or composi-
tion which is capable of accepting holes which holes can thereafter be conducted by and/or

within the compound or composition. Such a “hole conductor” is also sometimes referred to

as “hole acceptor” or as “hole acceptor/conductor”. If it is an “organic hole conductor”, this

means that the compound or composition is organic in its nature.- The term "organic" is used
in the generally understood sense, in that it is used to distinguish and to delimit from inor-
ganic materials, i. e. materials which are not based on carbon and carbon containing com-

pounds.

In particular, as used herein, the term ;‘organic" is used in its generally understood meaning,
i.e. it refers to compounds which are carbon-containing compounds. As it is used here, it also
includes elemental carbon, at least in the form of fullerenes. The term "organic” is further
meant to exclude specific carbon-containing compounds such as: hydrogen-free chalko-
genides of carbon, e.g. CO, CO,, CS,, and derivatives thereof, e.g. H;CO3, KSCN; further
excluded are salt-like carbides which are binary compounds of elements w1th carbon, which
decompose to hydrodarbons under the influence of water or dilute acids. Salt-like carbides '
have fhe general formula M,C; or MIICZ, wherein M' or MY denotes a metal ion with one or
two valences. Salt-like carbide of aluminium (Al4C3) decomposes to methane. Further ex-
cluded carbon-containing compound which do not form part of the term "organic", as used
herein, aré metallic carbides, which are non-stoichiometric compounds having the character of
an alloy. They are resistant to acids and are electrically conducting. Further excluded from the
. term "organic", as used herein, are metal-carbonyls where carbon monoxide molecules are
coordinative_ly bound to elemental metal atoms,. for eﬁample iron carbonyl (e.g. Fex(Co)s,
Fe3(Co)12, chromium carbonyl Cr(Co)s, cobalt carbonyl (Co2(CO)gs, nickel carbonyl Ni(CO)s
etc.).

As used herein, the term "inorganic" is meant to denote compounds which are not "organic"

as defined above.

The terms ‘“‘single carbon nanotubes” and. ‘:bundled nanotubes” or simply “si;xgles” and -
“bundles” are used in their generally understood meanings and refer to carbon nanotubes
which are separate entities, appearing as individual tubes (“single”), whe;-eas “bundles” are
arrays of nanotubes that are in contact with each other through their sidewalls and have their

longitudinal axes aligned in a more or less parallel fashion.
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The present invention provides for a network of electron- and hole-acceptors (and therefore
also hole- and electron-donors) combining both a good charge carrier transfer from the donors

. to the acceptors and a good carrier mobility within the constituents of the network.

It furthermore provides for a more effective absorption of light in the visible a;ld near- infra-
red region, which distinguishes the devices according to the present invention from the de- -
vices of the prior art, e. g. organic solar cells based on fullerenes. The absorption spectra of
"the latter are centered in the short wavelength region of the visible spectra and therefore,
without wanting to be bound by any mechanistic theory, show minor power conversion effi-

ciencies.

The inventors suggest a photovoltaic device which combines the advantages of carbon nano-
tubes with an organic hole conductor. Such a device is a cheap alternative to existing photo-
voltaic systems. It overcomes the limitations of fullerene-based organic cells, probably due to
a better charge carrier mobility in the carbon nanotubes themselves. Furthermore, by using
carbon panotubes, the spectra of commonly available light sources, including solar irradiation,

can be better made use of, because of the absorption properties of carbon nanotubes.

Without wishing to be bound to any particular mechanism of action, the inventors presently
believe that the mechanism underlying the invention works as follows: light can excite an
. electron either in the organic hole acceptor/conductor, which, in many cases is iikely to be a
conjugated polymer, or it can excite an electron m the carbon nanotubes (see also fig. 2). In
the first case, the photo-excited electron is transferred to the conduction band of the carbon
nanotubes, which in this case act as electron acceptors and conductors, while the photo-
generated hole stays in the valence band of the organic hole acceptor/conductor. The effec-
tively separated charge-carriers are transported to 1';'he electrodes, if present, leading to a
photovoltaic activity. If the light excites an electron in the carbon nanotubes, the photo-
excited hole is transferred to the organic hole acceptor/conductor with the same resuit. By
adjusting the respective band gaps of thé carb'o.x'l nanotubes, which typically lie in the range of
0.5 to about 1 eV, and of the organic hole acceptor/conductor, e. g. a conjugated polymer,
which typically lies around 2 eV, an effective absorption of light, either through the organic

hole acceptor/conductor or through the carbon nanotubes, is ensured, independent of the
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source of irradiation, which may have a solar spectrum or the spéctrum of an indoor light

source, which is typically shifted to longer wavelengths.

Reference is now made to the figures given as examples, wherein
Fig. 1 shows a schematic band diagram and the different excitation processes of a solar cell .
based on Buckminsterfullerenes as known from the prior art, and '

Fig. 2 shows a schematic band diagram and different excitation processes of and in a carbon

nanotube-based photovoltaic device according to the present invention.

More specifically, in fig. 1, light of shorter wavelength leads to an excitation in the polymer
(vertical arrow) and subsequent charge separation by electron transfer to the LUMO of the
Buckminsterfullerenes. Holes and electrons are collected from the FTO and Al electrode, re-
spectively. The latter ones have to move there by a hopping transport mechanism. Light of

longer wavelength is not absorbed.

In fig. 2, in one embodiment of the device according to the present invention light of short
wavelength leads to excitation in the polymer (straight vertical arrow, solid line) and to a sub-
sequent charge separation by electron transfer to the LUMO of the carbon nan-otube (cﬁrly
arrow, solid line). Light of longer wavelength is absorbed within the carbon nanotube (verti- ‘
. cal arrow, dotted line) and hole injection to the m-orbital of the polymer leads to efficient
charge separation (curly arrow, dotted line). Holés and electrons are collected from the FTO

‘and Al electrode, respectively.'
The features of the present invention disclosed 'in the speciﬁéatio_n, the claims and/or in the

accompanying drawings, may, both separately, and in any combination thereof, be material

for realising the invention in various forms thereof.
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